Various effects of the r-3rr interaction on the electromagnetic properties of the deuteron are examined. by making use of the effective interaction Hamiltonian suggested from the isoscalar part of the electromagnetic form factors of the nucleon. The contribution of the r-3rr interaction to the magnetic moment of the deuteron is unreasonably large, namely comparable with the observed value, although this result depends strongly on the inner part of the deuteron wave function and the pion dissociation probability of the nucleon. The electric quadrupole moment due to the r-3rr interaction is about 20% of the observed value. The r-3rr interaction also contributes to the photoclisintegration of the deuteron through the M1 and E2 transitions with the 3S+3D final state. The interference term between the usual E1 term and ours contributes appreciably to an asymmetry in the angular distribution. § I. Intl•oduction
§ I. Intl•oduction
The electromagnetic structure of the nucleon has been extensively investigated for several years from both experimental and theoretical points of view. After much efforts were devoted, an important question is still open concerning the isoscalar part of the nucleon form factors. It has been pointed out that the three-pion state would be re'sponsible for the large isoscalar radius of the charge.
2 >,s> The contribution of the r-3rr interaction to the isoscalar part of the form factors seems to be promising for the interpretation of experimental results, though quantitative agreement has not yet been obtained. 4 
J,uJ
Because of difficulties in calculating the form factors, it would be worth while to investigate various kinds of photoeffects in order to get further information on the r-3rr interactions.
In the present paper we would like to point out that the r-3rr interaction gives rise to considerable effects on the electromagnetic properties of the deuteron.1l
First of all, we postulate the phenomenological local Hamiltonian as 5 > I-I= ieJ.c""#"P A"" ( x) -~_£)_ -~-<f 2 --}_r_s__,
This is of the right sign, but too small to interpret the isoscalar charge radius. One of the evidences that A in ( 1· 1) cannot be much larger than ) 0 of (1· 2) is found in the plus-minus ratio of the pion photoproduction at threshold.ll, 6 > Taking the diagram in Fig. 1 into account, the ratio is modified by the r-3n interaction as where M is the nucleon mass, fJ.P and fl.n the anomalous magnetic moments of proton and neutron in the nuclear magneton, respectively, ( the pion dissociation probability of a nucleon, and the pion-nucleon coupling constant g is chosen as g 2 /4rr=15. Comparing with the experimental value a-(-)/o-(+)'"'-'1.35, we find }. to lie between )=0.17 for (=1, and )=0.26 for (=0.*
The electromagnetic properties of the deuteron is affecte~ by the r-3n interaction given by Cl· 1) with the coupling constant i. = 0.2. Since this interaction does not change the isotopic. spin, it does contribute to the magnetic moment and the electric quadrupole moment of the deuteron as will be shown in § 3 and § 4, respectively.
The results calculated using the conventional deuteron wave function are surprisingly large, although they depend too strongly on the behavior of the wave function in the inner region to draw any definite conclusion. It would still be worth while to note that even a very moderate estimation, taking the contribution only from the outer region into account, gives the extra magnetic moment of a magnitude comparable with the difference between the observed value and the· sum of the intrinsic ones of the constituents. § 5 is devoted to the photodisintegration. In the high energy region around E 7~1 50 Mev, this process is usually described in terms of the El transition into the 3 interaction.
In the Appendix, it is shown, on the basis of the chain approximation, that the coupling constant i. is common for all the processes associated with the r-3~r interaction, even if the pion-pion rescattering corrections are taken into account. § 2. Effective Hamiltonian for the deuteron photocffects
In order to obtain the effective Hamiltonian for the electromagnetic interaction of the deuteron from ( 1· 1), we calculate the transition matrix element of the Hamiltonian (1·1) between the initial state with two nucleons and a photon and the final state with two nucleons. Corresponding to the diagram (a) in Fig. 2 , one sees
Diagrams for the electromagnetic processes of the deuteron due to the r-3n interaction. N 1 and N 2 denote the first and the second nucleon, respectively. The meaning of the lines are the same with Fig. 1 .
p2 Fig. 3 . The assignment of the momenta of the lines in Fig. 2 . k 1 , for instance, means the sum of momenta of two pions in Fig. 2 (a) , while it means the momentum of single pion in Fig. 2 (b) .
where
The momenta of the particles are specified as shown in Fig. 3 . The bold face letters represent three-dimensional momenta while the light face ories denote four-momenta. (2 ·1) can be calculated by using
and (2·3) where G 1 and G 2 are the two-pion part of the isovector electromagnetic form factors of the nucleon,
'
31 corresponding to the charge density and magnetization density, respectively.
Introducing Ta as we have
where k 1 and k 2 are introduced in Fig. 3 as
Similarly, we have
In the nonrelativistic approximation for Dirac spinors Ta and Tb can be written in the form
where E and H are the Fourier components of the electric and magnetic field strengths, respectively. ea and ha are given by where and and G 2 (P) can be given in a spectral representation as follows:
No subtraction is assumed both for G 1 and G 2 , because we are calculating only the contribution from the two-pion state.
>
In view of the tentative nature of the present calculation we use the following approximate forms for G in the numerical estimations, These are normalized as
----r =---. 
where r is the relative coordinate of the two nucleons, sl2 the usual tensor operator, and X the spin function. Here we put k 1 = -lf 2 = q since IC = 0. Furthermore, q 0 in G 1 and in the meson propagator is neglected, because it is proportional to the recoil energy of the nucleons.
First of all, the S-S expectation value of the magnetic moment is calculated, using the S-state wave function u ( r) given by 
Introducing the total spin S= (1/2) ( 0" 1 + o-2 ), and taking into account the integrations over angular variables, we obtain 
The magnetic moment in the unit of the nuclear magneton IS found to be (3·5)
where Um(r) is defined as
Um(r)=-~------.
(3·6) 4nr
Hereafter we choose the approximate form for G 1 g1ven by (2 ·12). Finally we have
The integration in (3 · 7) can be easily done and the numerical results are tabulated in Table I . Table I . The magnetic moment of the deuteron due to the r-3n interaction in the unit of nuclear magneton. Next we calculate the S-D cross term of the magnetic moment. In the spin state Sz= + 1 where the z-axis is chosen parallel to the magnetic field, one gets
where ylm(r) is the spherical harmonics with respect to the direction of r, and
By partial integration with respect to q, (3 · 8) can be put into the form where ylm( -iVq) is a polynomial of l-th order in -iVq obtained by replacing r/r in ylm(r) by -iVq. Performing the differentiations and the integrations with respect to q we obtain the magnetic moment as
The integration in (3 ·10) can be done analytically using the "pion theoretical" wave function w(r) given by Numerical results are given in Table I . It is found that f1sn is much larger than f1ss in magnitude and even amounts to the comparable order with the observed value itself. These figures, however, should not be accepted literally. In order to see the situation more in detail, we investigate the integrand in (3·10), which is given, apart from u ( r) w ( r), by A{(r) =~1(r) +~b(r), The functions
Alo ( r) and At ( r) are plotted in Fig. 4 . We find that At(r) behaves roughly as r-2 for r> rc=0.2. This leads to the undesired conclusion that the P.sn depends strongly on the behavior of the deuteron wave function in the inner region. (3. 14)
The inequality (3 ·13) shows that Table I contradicts (3 · 15) . This comes from the fact that w(r) given by (3·11) is. negative for r$0.6, due to the negative contribution from the second term of (3 ·11) in the inner region. For the sake of reference we calculate flsD using w(r) proposed by Matsumoto, and is positive definite in the whole region. The calculated f'-sn is also tabulated in Table I .* The values obtained are positive in agreement with (3 ·15) and smaller than the values calculated using (3 ·11). The difference may be considered to come from the considerable difference of two w(r)'s in the region r$0.8.
Furthermore we can conjecture· that flsn would be further reduced if the inner part of w(r) is assumed to be appreciably smaller without changing the * We cut off the integration at rc=0.2, though the parameters in (3·16) are chosen without assuming hard core. outer part. We may, however, impose a "lower limit" to flsn which is obtained by cutting off the integration, say, at r=l.O, using w(r) (3·11) or (3·16), (3·17) Even this lower limit is still surprisingly large, namely comparable with the difference between the magnetic moment of the deuteron and its constituents, § 4. Electric quadrupole moment
In order to obtain the electric quadrupole moment of the deuteron, we have to find the charge density, (! ( r). Here the electric field is described by a scalar potential 9 ( r) as E(r) = -grad¢(:r).
The interaction Hamiltonian density is where kr, k 2 , q 1 and q2 are expressed by q, IC and k, where
It is to be noted that k is related only to the velocity dependent term, so that it does not appear here. From ( 4 ·1) and ( 4 · 2), the charge density reads
The quadrupole moment is, then written as It should especially be remarked that the expectation value of the electric quadrupole moment for the initial and final states both in the 3 S does not vanish.
It is well known that the 3 S~3 S expectation value always vanishes for the usual nucleon current contribution. In the present case, however, the operator (3z 2 -r
)
does not work on the proton coordinate, but on the meson cloud. Hence, we do not have any a priori reason that this expectation value has to vanish.
It is, therefore, necessary to examine the 3 S- 3 S expectation value of the quadrupole moment, even if it is expected to be small any way. In ( 4 · 5) we calculate the quadrupole moment operator using (2 · 7), where we introduce
The contribution from the 3 S~3 S term in question 1s
Using the explicit form of the S~wave function (3 · 3), we obtain
This value is negligible compared with the observed one, 0.14, as was expected. Next, the 3 S~3D cross term is calculated. By applying the same technique used in the calculation of flsn, the quadrupole moment operator is evaluated in parallel with ( 4 · 6) as
~<=0
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Here the integration over the angular variables is taken into account. The quadrupole moment itself is now readily written down as
Numerical results are displayed in Table II . Table II . The quadrupole moment of the deuteron due to the r-3n interaction. Here the pion dissociation probability, (, of the nucleon is taken to be unity.
------~-~---------1
We encounter the same situation as that in flsn· By analogy with the case of Psn the integrand (apart from u(r)w(r)) in (4·11) is written as
We can show that
The fun~tions ( 4 · 12) are plotted in Fig. 5 . We see that the curves are very similar to those in Fig. 4 . Therefore Qsn also depends strongly on the behavior of the deuteron wave function In the inner region.
From (4·13) we have The matrix element of the direct E1 transition is given bl) Ma=M1a+M2a+M3a ,
e being the polarization vector ~f the photon, and n the unit vector of the final proton momentum. U(tc), V(1c) 
where T(q, 1e) is given by (2·6). In order to obtain the cross section for unpolarized initial state, the summation over all spin states for the final state and the average for the initial state is taken. For the nucleon spin this procedure is done as In (5·12), the trace is taken separately for o-1 and o-2 • As far as the interference with the direct E1 transition is concerned, the first terms of (2 · 7) and (2 · 8) vanish after the summation (5 ·12). The second term of (2 · 8) involves the factor k1 0 , which is of order 1/ M, so that we may only take the second term of (2 · 7). In the following, we approximate (2 · 7) and (2·8) as (5·14) Writing the matrix element M'>'-s,. m a form (o-1 a) (o-2 b) , we give the formulas for the spin sum,
spin .
3
The average over the polarization of the photon is taken in the coordinate system in Fig. 6 . First, the matrix element M 1 d is proportional to (en) . In the present coordinate system this term is rewritten as (5·18)
On the other hand, M;~-1"' in (5·7) is apparently independent of <p, so that the interference between these terms vanishes when we take average over <p. In the same reason ( 5 · 10) also does not contribute. For the unpolarized gamma ray, we have, accordingly, to calculate only (5·8) and (5·9).
The matrix element M
-3
"' is now calculated from (2· 6) inserting (5·14) for ea and ha. E is substituted by Fig. 6 . The coordinate system used for the photodisintegration of the deuteron. E is the unit vector of the polarization of photon, m is the unit vector parallel to the photon momentum, and l is the unit vector perpendicular to E and 1n. n is the unit vector parallel to the proton momentum t.
(5·19)
Other notations are g1ven in terms of the polar angle ( fJ, (/)) of q as
!?l2=Q2-qtcw, k22=Q2+qtcw.
In order to obtain the matrix element M;_;l", the following substitution is made in (5·11),
The cross term (5·8) with the direct E1 transition is given after taking the summation over nucleon spins using (5·16) and (5·17) and over photon polarization,
For easmess of computation u(r) is used with rc=O. On the other hand, the integration with respect to q is cut off at the nucleon mass. The main contribution comes from the region of q=2'"'-'3, and rather insensitive to the cutoff momentum.
The resulting cross section is
The other term M;_-;}y7T is obtained by putting Using the formula (5·15), the interference term with the direct E1 transition ( 5 · 9) is finally found to be
The cross section reads The resulting differential cross section is displayed in Table III , by adding (5·27) and (5·32). Comparison with experimene 2 J' 13 J is done only for the cosiJ and sin 2 0 cos IJ terms, in order only to know whether the contribution from the r-3rr term is appreciable or not. The effect on the cos tJ term is negligible, but that on the sin?IJ cos IJ term is of appreciable order of magnitude with the opposite sign. It has been found in § 3 that the contribution of the r-3;r interaction to the magnetic moment of the deuteron is surprisingly large. The S-S term is negative, so that this works so as to reduce the D-state probability. The order of magnitude of this term is comparable with the difference between the magnetic moment of the deuteron and of its constituents. Furthermore, the S-D term is much larger than the 5~-S term. It is difficult to find the magnitude and even the sign as is seen in Table I , because the inner part of the;; D-wave function plays an important rple. From Tables I and II, one can find that the contribution from 0.2 .Sr.::=; 0.3 is larger than that from r > 0.3 for both the magnetic moment and quadrupole moment. It is, however, remarkable that the contribution from the outer part, r> 1, to flsD is as large as the S-S term.
It seems to be difficult to draw any conclusion from our analysis, because we have to take the following points into account: 1) flss and flsD are both proportional to the pion dissociation probability of the nucleon, (, so that the magnetic moment is sensitive to (. It is plausible to take t > 0.8, which is suggested from the isovedor part of the charge form factor for large momentum transfer. If ( is found to be smaller, the effect on the magnetic moment is reduced.
2) The effective coupling constant ) of the r-3,7 interaction has been taken as 0.2. Since this value is obtained by the perturbation theory through the nucleon closed loop, ) may be reduced by the pair suppression, as other phenomena related to the nucleon closed loop. In this case, we have to give up to inter-pret the isoscalar form factors.
>
They might be explained m terms of, for example, the isoscalar oJ meson.
14 >
3) Other contributions to the magnetic moment should also be added, for example, the additional magnetic moment from the L-S potential/ 5 > and the relativistic effects. The effect of the r-317 interaction on the photodisintegration is less important than the above two problems. The r-3rr term certainly contribute? to cos tJ and sin 2 B cos 8 terms in the angular distribution, but the magnitude is not so large. In this calculation, we have introduced, on account of the technical reason, the cutoff momentum at the nucleon mass, instead of the core radius in the integration with regard to r. This is not an essential point. It is found that the inner part of the wave function is not so important in the photodisintegration, furthermore the D-wave function does not appear as far as the r-317 effect is concerned.
In conclusion we are tempted to emphasize that the r-3n interaction cannot be disregarded in any photonuclear reaction, especially in pion photoproduction and electromagnetic properties of the deuteron.
The pion-pion rescattering constant A commonly effect is taken into account, for definiteness, by the chain approximation method,l7l with the interaction Hamiltonian given by
If we neglect the pion-pion rescattering correction completely in the diagrams, in Fig. 1, Fig. 2 and Fig. 7 (the electromagnetic structure of the nucleon), there appears a common factor, where Ga 0 (k 2 ) is the two-pion part of the isovector electromagnetic form factor of the nucleon with the pion-pion interaction neglected. If we substitute the chain diagram, illustrated in Fig. 8 , for the pionpion scattering part in the shaded area of Fig. 1 
On the other hand, Ga 0 (k 2 ) is also modified to the "observed" form factor Ga(k 2 ) due to the pion-pion interaction,
where F"'(k 2 ) 1s the electromagnetic form factor of a pion, given by F"'(P)=E{Z~.
Substituting (A·2), (A·5), (A·6) and (A·7) in (A·4), we obtain
